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,QWURGXFWLRQ
7KHSUHVHQWVWDWHRIWKHDUWRQWKHOLTXHIDFWLRQEHKDYLRXURIVDQGVKDVSURJUHVVHGWRDVWDJHWKDWUHDVRQDEOHHVWLPDWHV
RIOLTXHIDFWLRQSRWHQWLDOFDQEHPDGHEDVHGRQWKHF\FOLFWULD[LDOWHVWLQJHTXLSPHQW7KHYLWDOUROHRIH[FHVVSRUHZDWHU
SUHVVXUH LQ UHGXFLQJ HIIHFWLYH VWUHVV LQGXFLQJ H[FHVVLYH VWUDLQV DQG FRQVHTXHQWO\ FDXVLQJ OLTXHIDFWLRQ FDQQRW EH
LJQRUHG
&RPSDUHG WR WKH WUDGLWLRQDO VRLO UHLQIRUFLQJ WHFKQLTXHV UDQGRPO\GLVWULEXWHG ILEUHVKDYH VRPHDGYDQWDJHV OLNH
SUHYHQWLRQRISRWHQWLDOZHDNSODQHVZKLFKFRPPRQO\GHYHORSSDUDOOHOWRDSODQDUUHLQIRUFHPHQWDQGPDLQWHQDQFHRI
LVRWURSLFVWUHQJWKFKDUDFWHULVWLFV>@7KHEHKDYLRXURIVRLOZKLFKLVUHLQIRUFHGZLWKUDQGRPO\GLVWULEXWHGILEUHVXQGHU
VWDWLFFRQGLWLRQVZDVVWXGLHGE\UHVHDUFKHUVLQWKHODVWGHFDGHV>@,WZDVUHYHDOHGWKDWXVLQJILEUHUHLQIRUFHPHQWLQ
WKHVRLOLQFUHDVHGVKHDUVWUHQJWKDQGGXFWLOLW\DQGUHGXFHGSRVWSHDNVWUHQJWKORVV
7KH REMHFWLYHV RI WKLV SDSHU DUH WR LOOXVWUDWH WKH OLTXHIDFWLRQ EHKDYLRXU RI ILEUH UHLQIRUFHG VDQG VSHFLPHQV WR
GHWHUPLQHWKHHIIHFWLYHQHVVRILPSURYHPHQWZLWKILEUHVXQGHUG\QDPLFHIIHFWVDQGWRHYDOXDWHWKHH[FHVVSRUHZDWHU
SUHVVXUHGHYHORSPHQWLQPHGLXPGHQVHVDQGV
0DWHULDOVDQGPHWKRG
7KHVDQGXVHGLQWKLVVWXG\LVFODVVLILHGDVSRRUO\JUDGHGVDQG63DFFRUGLQJWRWKH8QLILHG6RLO&ODVVLILFDWLRQ
6\VWHP 7KH HIIHFWLYH VL]H ' WKH GLDPHWHU FRUUHVSRQGLQJ WR  ILQHU 'PHDQ JUDLQ VL]H ' DQG WKH
GLDPHWHUFRUUHVSRQGLQJWRILQHU'RI WKHVDQGJUDGDWLRQDUHPPPPPPDQGPP
UHVSHFWLYHO\ 7KH FRHIILFLHQW RI XQLIRUPLW\ LV  DQG WKH FRHIILFLHQW RI FXUYDWXUH LV  7KH PD[LPXP DQG
PLQLPXPYRLGUDWLRVDUHDQGUHVSHFWLYHO\7KHVSHFLILFJUDYLW\RIWKHVDQGLV
7KHPRQRILODPHQWSRO\SURS\OHQHILEUHPDWHULDOVXVHGLQWKLVVWXG\ZHUHUHFWDQJXODULQFURVVVHFWLRQZLWKOHQJWKV
RIDQGPP)LEUHUDWLRVRIDQGZHUHDGGHGWRWKHVSHFLPHQVE\GU\ZHLJKWRIVDQG)LEUH
UHLQIRUFHGVDQGVDPSOHVZHUHSUHSDUHGDWWKHVDPHGU\GHQVLW\DVWKDWRIXQUHLQIRUFHGVDQG7KHILEUHVWREHDGGHGWR
WKHVDQGZHUHFRQVLGHUHGDVDSDUWRIWKHVROLGVIUDFWLRQLQWKHYRLG±VROLGPDWUL[RIWKHVRLO7KHILEUHFRQWHQWZDV
GHILQHGDVWKHUDWLRRIWKHZHLJKWRIILEUHVWRWKHZHLJKWRIGU\VDQG7KHVSHFLPHQVZHUHFRQVWLWXWHGWRUHSUHVHQWWKH
ORZHUDQGXSSHUOLPLWVRIPHGLXPUHODWLYHGHQVLWLHVRIDQGUHVSHFWLYHO\
7KHVWUHVVFRQWUROOHGF\FOLFWULD[LDOWHVWVZHUHFRQGXFWHGRQVSHFLPHQVZLWKDGLDPHWHURIPPDQGDKHLJKWRI
PP7KHVSHFLPHQSUHSDUDWLRQWHFKQLTXHVLPLODUWRWKHXQGHUFRPSDFWLRQWHFKQLTXHRI/DGG>@ZDVDGRSWHG
7KHVSHFLPHQVZHUHSUHSDUHGDFFRUGLQJWR-*6>@DQGDUHVXEVHTXHQWO\WHVWHGDFFRUGLQJWR-*6
>@
6NHPSWRQ¶VSRUHZDWHUSUHVVXUHYDOXH%LVYHULILHGWRYDU\EHWZHHQDQG7KHLVRWURSLFFRQVROLGDWLRQ
RI VSHFLPHQ ZDV DFKLHYHG XQGHU  N3D HIIHFWLYH VWUHVV DQG VWUHVVFRQWUROOHG XQGUDLQHG F\FOLF ORDGLQJ LV
VXEVHTXHQWO\DSSOLHG,QWKHOLTXHIDFWLRQWHVWVWKHORDGLQJVHTXHQFHDSSOLHVDFHUWDLQQXPEHURIF\FOHVQHFHVVDU\WR
UHDFKDVSHFLILHGOHYHORIF\FOLFVWUHVVXQGHUDIUHTXHQF\RI+]XQWLOWKHVSHFLPHQGHYHORSVDGRXEOHDPSOLWXGH
D[LDOVWUDLQ'$RI
5HVXOWVDQGGLVFXVVLRQV
,QWKLVVHFWLRQWKHPDLQSDUDPHWHUVRIWKLVVWXG\QDPHO\DVUHODWLYHGHQVLW\ILEUHOHQJWKDQGILEUHUDWLRRQWKH
OLTXHIDFWLRQUHVLVWDQFHDQGSRUHZDWHUSUHVVXUHGHYHORSPHQWDUHSUHVHQWHGDQGGLVFXVVHG,WVKRXOGEHQRWHGWKDWDOO
WKH RXWFRPHV RI WKLV VWXG\ EHORQJ WR WKH H[SHULPHQWV ZKLFKZHUH SHUIRUPHG XQGHU  N3D HIIHFWLYH FRQILQLQJ
SUHVVXUH
3.1. Relation of cyclic shear stress ratio (CSR) and number of cycles 
,Q WKLV SDUW FRPSDULVRQV DUH KHOGE\ FRQVLGHULQJ WKH UHODWLYH GHQVLW\ RI VDQGV7KH ORZHU DQGXSSHU OLPLWV RI
PHGLXPGHQVHVSHFLPHQVDUHFDWHJRUL]HGDFFRUGLQJWRILEUHUDWLRVNHHSLQJWKHILEUHOHQJWKDVDFRQVWDQW7KHF\FOLF
VKHDUVWUHQJWKFDOFXODWLRQVDUHSHUIRUPHGDWGRXEOHDPSOLWXGHRIVWUDLQOHYHOV
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7KHOLTXHIDFWLRQEHKDYLRXURIDVDQGVSHFLPHQUHLQIRUFHGZLWKILEUHVLVSUHVHQWHGLQ)LJXUH7KHUHODWLYHGHQVLW\
RIWKLVWHVWJURXSLV7KHGDWDEHORQJLQJWRERWKILEUHOHQJWKVXVHGLQWKLVVWXG\PPDQGPPDUHJLYHQ
UHVSHFWLYHO\)RUHYHU\ILEUHUDWLRRIWKHWHVWJURXSDWOHDVWIRXUF\FOLFVKHDUVWUHQJWKUDWLRVZHUHREWDLQHGLQRUGHUWR
YDOLGDWHWKHWUHQGRI&65DQGQXPEHURIF\FOHV,WFDQEHVHHQWKDWUHJDUGOHVVRIWKHILEUHOHQJWKKLJKHVW&65YDOXHV
FRXOGEHREWDLQHGIRUDILEUHUDWLRRILQVSHFLPHQVSUHSDUHGDWDUHODWLYHGHQVLW\RI,WLVHYDOXDWHGWKDW
F\FOHV RI ORDGLQJ ILEUH IUHH VSHFLPHQV UHVXOWHG LQ D&65 YDOXH RI  VSHFLPHQVZLWK D ILEUH UDWLR RI  DQG
FRQVWLWXWHGZLWKPPILEUHVUHVXOWHGLQD&65RIDQGVSHFLPHQVZLWKDILEUHUDWLRRIDQGFRQVWLWXWHGZLWK
PPILEUHVUHVXOWHGLQD&65RI7KLVILQGLQJDOVRSUHVHQWVWKHSRVVLEOHFRQWULEXWLRQRIILEUHOHQJWKORQJHU
ILEUHVLQFUHDVHWKHUHVLVWDQFHDJDLQVWOLTXHIDFWLRQRIVDQGVRLOV,Q)LJXUH&65DQGQXPEHURIF\FOHVUHODWLRQVKLSV
DUHJLYHQIRUVSHFLPHQVSUHSDUHGDWDUHODWLYHGHQVLW\RI7HVWVVKRZHGWKDWILEUHIUHHVSHFLPHQVFRXOGHDVLO\
OLTXHI\ZLWKRXWQHHGLQJDVPDQ\ORDGLQJF\FOHVDVWKHILEUHUHLQIRUFHGVSHFLPHQV


)LJ9DULDWLRQRI&65ZLWKWKHQXPEHURIF\FOHVFRQVLGHULQJWKHHIIHFWRIILEUHOHQJWK)/ PPDQG)/ PPUHVSHFWLYHO\)5ILEUH
UDWLR'U DQGıƍ N3D

)LJ9DULDWLRQRI&65ZLWKWKHQXPEHURIF\FOHVFRQVLGHULQJWKHHIIHFWRIILEUHOHQJWK)/ PPDQG)/ PPUHVSHFWLYHO\)5ILEUH
UDWLR'U DQGıƍ N3D
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)LEUHIUHHVSHFLPHQVKDYHDKLJKHUWHQGHQF\WRGHYHORSGHIRUPDWLRQVXQGHUFRQWLQXRXVDSSOLFDWLRQRIFRPSUHVVLYH
DQG WHQVLOH IRUFHV 7KH UHVLVWDQFH WR OLTXHIDFWLRQEHKDYLRXU LQFUHDVHVZLWK WKH ILEUH FRQWHQW RI WKH VDPSOHV7KH
UHVLVWDQFHLQFUHDVHVLQWKHRUGHURIILEUHIUHHVSHFLPHQVWKHVSHFLPHQVZLWKDQGILEUHFRQWHQWV
7KLVLQFUHPHQWLVPRUHSURQRXQFHGLQWKHVSHFLPHQVSUHSDUHGDWDUHODWLYHGHQVLW\RI
$QRWKHUFRPSDULVRQZDVPDGHIRUWKHVSHFLPHQVZLWKDILEUHUDWLRRIDVLWLVWKHPHGLDQILEUHUDWLRRIWKLV
VWXG\)LJXUH,QFUHPHQWRIUHODWLYHGHQVLW\IURPWRFDXVHGILEUHUHLQIRUFHGVSHFLPHQVWREHUHVLVWDQW
XQGHUG\QDPLFFRQGLWLRQVDQGPLWLJDWLRQRIOLTXHIDFWLRQZDVREVHUYHG7KHOLTXHIDFWLRQUHVLVWDQFHZDVKLJKHVWIRU
VSHFLPHQVZLWK'U DQG)/ PPIROORZHGE\'U DQG)/ PP'U DQG)/ PP'U 
DQG)/ PPFRQGLWLRQV7KLVPD\EHDWWULEXWHGWRWKHIDFWWKDWWKHYRLGVIURPWKHPDWUL[DUHIXOILOOHGE\WKHDGGLWLRQ
RI¿EUHVOHDGLQJWRWKHDGGLWLRQDOPDWUL[GHQVL¿FDWLRQ$OVRWKHLQFUHPHQWRIILEUHOHQJWKLPSOHPHQWVDFRQYROXWHG
VWUXFWXUHWKDWLVGXUDEOHEXWWKHVDPHWLPHIOH[LEOHHQRXJKWRZLWKVWDQGKLJKHUQXPEHURIF\FOHVRIORDGLQJ


)LJ9DULDWLRQRI&65ZLWKWKHQXPEHURIF\FOHVFRQVLGHULQJWKHHIIHFWRIILEUHUDWLR
3.2. Pore water pressure development models 
7KHUHODWLRQVKLSEHWZHHQSRUHZDWHUSUHVVXUHUDWLRDQGWKHF\FOHUDWLRLVHYDOXDWHGIRUWKHVSHFLPHQVSUHSDUHGDW
DQGUHODWLYHGHQVLWLHVZLWKPPDQGPPILEUHVDGGHGDWDUDWLRRI7KHSRUHZDWHUSUHVVXUH
FXUYHVLQ)LJXUHDUHSUHSDUHGFRQVLGHULQJWKHQXPEHURIF\FOHVFRUUHVSRQGLQJWRWKHF\FOHZKHQSRUHZDWHUSUHVVXUH
UHDFKHGGXULQJWKHWHVWV7KHUHVXOWLQJFXUYHVDUHFRPSDUHGZLWKWKHSRUHZDWHUSUHVVXUHUDWLRFXUYHVRI/HH
DQG$OEDLVD>@6HHGHWDO>@DQG(O+RVULHWDO>@7KHVWXGLHVRI/HHDQG$OEDLVD>@DQG6HHGHWDO>@ZHUH
RQFOHDQVDWXUDWHGVDQGVZKLOHWKHVWXG\RI(O+RVULHWDO>@FRQVLGHUHGWKHEHKDYLRXURIVLOW\VDQGV7KHVHFXUYHV
DUHSUHIHUUHG WR VKRZ WKHSRVVLEOHYDULDWLRQRISRUHZDWHUSUHVVXUH UDWLRZLWKGLIIHUHQW VRLO W\SHV DQGJUDGDWLRQV
9DULDWLRQRIWKHSRUHZDWHUSUHVVXUHUDWLRYHUVXVWKHF\FOHQXPEHUUDWLRRIILEUHUHLQIRUFHGVDQGFRQVWLWXWHVDQXSSHU
ERXQGDU\WKDWFRYHUV WKHPRGHOFXUYHVRIIHUHGE\/HHDQG$OEDLVD>@DQG6HHGHWDO >@)LEUHUHLQIRUFHGVDQG
VXUURXQGVWKHXSSHUDQGORZHUOLPLWVRIWKHFXUYHVRIIHUHGE\(O+RVULHWDO>@7KLVUHVXOWLVDJRRGLQGLFDWLRQRI
KRZWKHSRUHZDWHUSUHVVXUHFRXOGVKRZDGLIIHUHQWWUHQGUDWKHUWKDQSXUHVDQGVRLOGHYHORSLQJIDVWHUWKDQVDQGVRLOV
UHDFKLQJRISRUHZDWHUSUHVVXUHUDWLRDURXQGDF\FOHUDWLRRIEXWEHLQJUHVLVWDQWHQRXJKWRUHFHLYHKLJKHU
QXPEHUVRIORDGLQJ7KLVWUHQGLVPRUHSURPLQHQWIRUWKHXSSHUERXQGDU\FXUYHVRIWKHWHVWVFDVHVZKHQORQJHUILEUHV
PPDUHXVHG5HDFKLQJWKHSRUHZDWHUSUHVVXUHUDWLRRILVFRQVLGHUHGFULWLFDOLQPHGLXPGHQVHVRLOVDQGD
IDVWGHYHORSPHQWRISRUHZDWHULVH[SHFWHGWRUHDFK>@+RZHYHULQWKLVVWXG\RISRUHZDWHUSUHVVXUH
UDWLRLVUHDFKHGTXLFNO\DIWHUWKDWLWLVVHHQWKDWWKHILEUHH[LVWHQFHGHFHOHUDWHVWKHSRUHSUHVVXUHWRGHYHORSPHQW

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
)LJ&RPSDULVRQRISRUHZDWHUSUHVVXUHFXUYHVRIWKLVVWXG\ZLWKRWKHUVWXGLHV
&RQFOXVLRQV
$VHULHVRIVWUHVVFRQWUROOHGF\FOLFWULD[LDOWHVWVZHUHFRQGXFWHGXQGHUFRQVROLGDWHG±XQGUDLQHG&8FRQGLWLRQVWR
LQYHVWLJDWH WKH OLTXHIDFWLRQ EHKDYLRXU DQG SRUH ZDWHU SUHVVXUH GHYHORSPHQW RI PHGLXP GHQVH VDQG VSHFLPHQV
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